Ferritin is a protein nano-cage that encapsulates minerals inside an 8 nm cavity. Previous band gap measurements on the native mineral, ferrihydrite, have reported gaps as low as 1.0 eV and as high as 2.5-3.5 eV. To resolve this discrepancy we have used optical absorption spectroscopy, a well-established technique for measuring both direct and indirect band gaps. Our studies included controls on the protein nano-cage, ferritin with the native ferrihydrite mineral, and ferritin with reconstituted ferrihydrite cores of different sizes. We report measurements of an indirect band gap for native ferritin of 2.140 ± 0.015 eV (579.7 nm), with a direct transition appearing at 3.053 ± 0.005 eV (406.1 nm). We also see evidence of a defect-related state having a binding energy of 0.220 ± 0.010 eV. Reconstituted ferrihydrite minerals of different sizes were also studied and showed band gap energies which increased with decreasing size due to quantum confinement effects. Molecules that interact with the surface of the mineral core also demonstrated a small influence following trends in ligand field theory, altering the native mineral's band gap up to 0.035 eV.
Introduction
Ferritin is a spherical, hollow biomolecular nano-cage that is present in virtually all organisms (figure 1). The protein shell is 12 nm in diameter with an 8 nm hollow interior and possesses channels that traverse the 2 nm thick protein shell to allow metal ions to enter and exit ferritin. The protein is composed of 24 subunits that assemble into the spherical nano-cage. The assembled nano-cage is extremely stable as it can endure pH variations of pH 4-12 and maintain its conformation up to 85 • C. Native ferritin (holoferritin) encloses a ferrihydrite mineral, (Fe III ) 2 O 3 ·0.5H 2 O, in its cage, and can be used to store up to 4500 iron atoms. In addition, ferritin can be synthesized with a variety of non-native metal oxide cores [1] , typically by adding metal ions of the targeted mineral of interest to apoferritin (empty ferritin).
The optical properties of ferritin have been studied for use in photochemical reactions. Initial biochemical studies of ferritin were performed to determine if light could produce ferritin-derived radicals that would be dangerous in biological systems [2] [3] [4] [5] . The idea that photons acting on ferritin can cause chemical reactions subsequently inspired other groups interested in the nanoscale semiconductor properties of the metal oxides that could be encapsulated inside ferritin [6] .
Mechanistic studies have shown that the basic photochemical reaction of ferritin in solution proceeds through a valence band (VB) to conduction band (CB) transition of the ferrihydrite. Upon illumination, electrons in the ferrihydrite are excited to the CB; holes in the VB are able to be filled by electrons which tunnel from electron donors present in the solution through the protein shell. The electrons that are left behind can be used to reduce a variety of molecules [7, 8] . A typical assay includes electron donors (citrate, tartrate, or oxalate), ferritin and electron acceptors such as metal ions (Cu, Au), redox dyes (viologens) or proteins (cytochrome c). Such reactions provide a functional assay for measuring electron flow through the system [9, 10] .
Because ferrihydrite only exists in nanocrystalline form and not as a bulk material, a property even as fundamental as the band gap has proven elusive to measure. Kim et al were the first to report a band gap for ferrihydrite in ferritin, giving a range for E gap of 2.5-3.5 eV (496-354 nm) by using selective light filters [9] . The wavelength filter that prevented the reduction of chromate to Cr 3+ was designated as the energy required for promoting electrons from the VB into the CB. Keyes et al performed similar studies by blocking the light that was required to reduce Au 3+ to Au 0 and reported a band gap range of 3.0-3.35 eV (413-370 nm) [11] . Since these studies used a functional assay, the inhibition of product formation by light filters proved that these wavelengths of light were photo-chemically relevant in electronic transition. Neither reference specified whether their measured band gaps were direct or indirect. By contrast, the closely related mineral hematite is known to be an indirect gap material, and a 2.2 eV (563 nm) band gap has been measured for both bulk as well as nanoscale samples (30 and 8 nm in diameter) through both optical and x-ray spectroscopy [10] .
Scanning tunneling spectroscopy (STS) has also been used to measure band gaps in ferrihydrite. In ferrihydrite particles containing two different sizes, Liu et al reported a band gap of 2.7 eV (459 nm) for a particle containing 2000 Fe atoms and 1.5 eV (827 nm) for a particle containing 500 Fe atoms, with similar results for other similar particles [12] . The reason given for the trend opposite to normal quantum confinement effects (where the band gap increases for smaller particles) was the relatively amorphous nature of the 500 Fe particle leading to a high population of defect states. Like the optical filter experiments, these (and other) STS measurements have a large amount of uncertainty, requiring the authors to estimate the length of a flat section of a noisy I -V graph. One must also keep in mind that STS is most sensitive to surface states, so these reported energies very well may not actually correspond to the true band gap of the material. For example, Preisinger et al used the same STS technique to measure band gaps in hematite. They found a low energy feature at 1.3 eV and a high energy feature at 1.8-2.2 eV [13] . The low energy feature clearly does not match the established gap for hematite (2.2 eV, mentioned above from [10] ) and was attributed to a 'surface band gap'. The higher energy feature comes closer, but even there varied from the known gap by up to 0.4 eV. Another STS experiment in ferritin is that of Rakshit and Mukhopadhyay [14] , who measured band gaps in ferritin samples containing both native cores and non-native cores of Cu, Co, and Mn. Their measurements ranged in total from 0 to 1.17 eV; for holoferritin they obtained a band gap of 1.00 eV. Although no uncertainties were given for their reported band gaps, their raw data as shown varied substantially from particle to particle.
Thus there remain substantial unanswered questions concerning the electronic structure of ferritin, namely: what actually is the band gap of native ferrihydrite in ferritin? Is it a direct or indirect gap? How can the previously reported values be reconciled? Is the band gap in ferrihydrite similar to the well-known value for hematite? How large, really, is the distribution of gaps in native material, and in compounds synthesized via adding material to apoferritin? These are important questions motivating our experiments, especially given the potential for ferritin as a candidate for light harvesting applications [1] which critically rely on the band gap.
Since Presinger et al [13] observed a band gap which they attributed to the mineral surface, we were also interested in determining if there was an effect based on molecules that can adsorb on the iron mineral surface of ferritin. Surface effects on nanoparticle minerals have been observed previously, particularly with capping agents that can alter the band gap and/or emission spectrum of the nanoparticles [15] . Our group previously showed that halides and phosphate alter the iron loading properties of ferritin [16, 17] . If halides or phosphate alter mineralization due to surface effects, the mineral surface interactions might also be observable through band gap measurements.
Finally, a remaining question is whether changes in band gap energies due to quantum confinement effects can be observed. It is well known that the size of nanoparticles significantly influences their band gaps [18] . Ferritin can be prepared with different iron/ferritin content allowing cores of different sizes to be analyzed. Ensign et al [19] demonstrated that the smaller cores were more photo-chemically active for the reduction of Cu 2+ to Cu 0 . These results suggest the presence of different band gap energies depending on the iron/ferritin content of the sample.
We have chosen to study these ferritin nanoparticles with photon absorption spectroscopy, a well-known technique used both for determining the band gap of the material as well as for determining whether a given semiconductor has a direct or indirect gap [20] .
Material and methods
Ferritin from equine spleen was purchased from SigmaAldrich and desalted using Mili-Q water in Millipore 100 000 MW cutoff centrifuge tubes. Ferritin was then equilibrated in 2% bicarbonate, without salt. For the native ferritin experiments, samples were then diluted to 0.4 mg ml −1 in 0.2 M sodium anion solution for the longer wavelength absorption experiments, and to 0.1 mg ml −1 in 0.2 M sodium anion solution for the shorter length measurements (due to the increased absorption at short wavelengths). See below for a description of long versus short wavelength regimes.
Ferrihydrite typically exists in either 'two-line' or 'sixline' varieties (meaning the number of lines seen in x-ray diffraction experiments); all of our experiments were done on two-line ferrihydrite. The native ferritin contains particles with 1100 Fe atoms/ferritin. For the size-dependent experiments, reconstituted ferrihydrite cores were made following Snow et al [21] ; by first making apoferritin using dithionite dialysis against 0.050 M TRIS-base buffer at pH 7.4 carefully titrated with NaNO 3 . 10 mM ferrous ammonium sulfate was added at a rate of 200 irons per ferritin every 10 min to form ferrihydrite cores of 640, 980, and 1200 Fe atoms/ferritin. Those roughly correspond to (non spherical) particle sizes of 6-8 nm.
In the absorption experiments, a Digikrom 250 spectrometer was used to obtain monochromatic light from an Oriel 66011 xenon arc lamp with a typical bandwidth of 1.6 nm. The monochromatic light was then collimated and passed through a cuvette containing the ferritin sample to a photodiode detector. The light from the arc lamp was modulated with a mechanical chopper at approximately 1.1 kHz; the photodiode signal was then sent to a lock-in amplifier referenced to the chopper and read out by the computer. As seen from the data in figure 2, this standard lock-in technique gives high sensitivity and low noise.
The data was obtained in two steps. First a control sample was placed in the cuvette (solution with no ferritin), and absorption is measured over a range of wavelengths. Then, the same scan was performed with the ferritin sample in solution. The control and the ferritin-based scans were performed in two wavelength ranges, typically 300-450, and 350-750 nm. The short wavelength scans were done with a 1200 lines mm −1 grating blazed at 250 nm; the long wavelength scans with a 1200 lines mm −1 grating blazed at 500 nm.
When light is absorbed by a medium of thickness z, the absorption coefficient α of the medium is defined by:
where I i is the incident intensity and I t is the transmitted intensity. The absorption coefficient α is proportional to the imaginary part of the dielectric function, ε imag , which has been calculated for direct and indirect gaps. For reasonable approximations (such as the band gap transition is not forbidden, and excitonic effects are not significant) the result is the following: 3
where E photon is the energy of the photons, E gap is the band gap energy, E phonon is the energy of the phonon involved in the indirect transition, and N p is the thermal occupancy of the phonons given by N p = (exp(E phonon /kT ) − 1) −1 [22] . These equations are only valid for E photon ≥ E gap (direct) or E photon ≥ E gap ± E phonon (indirect); otherwise there is no absorption unless mid-gap defect-related states play a role.
As can be seen from (2) to (4), plotting α versus E photon near the onset of absorption potentially enables one to determine whether the semiconductor has a direct or indirect gap, what the band gap energy is, and (in the case of an indirect gap) the energy of the phonon which is assisting in the transition. This has been done for countless materials, including many in the early days of semiconductor research such as Ge [23] , Si [24] , PbS [25] , and InSb [26] . For the direct gap case, plotting α 2 versus E photon will result in a straight line having an x-intercept of E gap . For the indirect gap case, the results depend substantially on the temperature and the phonon energy. At room temperature (300 K), for a typical phonon value of, say, 50 meV, one finds that N p = 0.169; therefore both phonon mechanisms play a role in indirect band gap absorption, with the phonon-emitted transition being stronger than the phonon-absorbed by a factor of 1.169/0.169 = 6.92. When both types of phonon transitions are observed, a plot of α 1/2 versus E photon will display two sections of straight lines; one will have an x-intercept of E gap + E phonon and the other will have an x-intercept of E gap − E phonon . However, the ability to observe both of the phonon-assisted transitions depends strongly on the phonon energy. If the phonon energy is too small, it may be difficult to resolve the separation between the phonon-absorbed and phonon-emitted lines, and a single line having x-intercept of E gap will be seen. If the phonon energy is too large, N p will be very small and the phonon-absorbing transition may be suppressed beyond the observable limit; in that case, the x-intercept represents E gap + E phonon , and the two parameters E gap and E phonon cannot be decoupled.
The onset of absorption via (2) to (4) is called an absorption edge. Multiple absorption edges are possible in 3 See [20, pp. 269 and 273] ; note that α is proportional to the imaginary component of the dielectric function, ε imag , which is given in their equations. 4 Reference [20] includes a pre-factor of E −2 photon in this equation, but explains/implies that this factor is often neglected because it does not substantially affect the shape near the onset of absorption (it was omitted in earlier editions of the book). a given material. For example, in an indirect gap material, at high enough energies above the band gap a direct transition will become possible. Such a direct transition is sometimes even called a 'direct gap' even though there is not strictly speaking a gap in energy states just below the transition [27] . We use that convention in this paper.
Results and discussion
In our experiments, the absorption due to the ferritinessentially I t /I i of (1)-is given by dividing the ferritin-based scan data (I ferritin ) by the control scan data (I control ), point-bypoint, and computing the natural logarithm:
(The thickness of the medium, z, was dropped from (1) and all graphs are listed in terms of 'arbitrary units' because constant multiplicative factors do not affect any results.) Figures 2(a) and (b) are representative plots of our measured absorption of ferrihydrite in native ferritin, plotted as α 1/2 and α 2 , respectively. We see clear evidence of three absorption edges. Two are related to indirect transitions, in that the features form straight lines when we plot α 1/2 versus E photon ( figure 2(a) ). However, these two are not the phonon-absorbed and the phonon-emitted components of a single indirect gap transition, since their magnitudes do not occur in the right ratio of (N p + 1)/N p for any reasonable temperatures. (All data presented in this paper was measured at 300 K.) The two indirect absorption edges could potentially be from separate indirect transitions at two different k-values; however it seems more likely to us that the lower energy of those two features involves a defect-related mid-gap state. This assignment is made in large part due to the similarity in energies of these two transitions (and a third transition, described in the next paragraph) to transitions seen in nanoparticles formed from hematite. As mentioned above, hematite nanoparticles have an indirect band gap with gap energy of 2.2 eV [10, 28] . In addition to the indirect gap, a direct transition has been seen in hematite nanoparticles at 3.1 eV [28] , as well as an impurity defect-related state at 1.8 eV [10] which marks the onset of absorption. Moreover, Liu et al also suggested that for ferrihydrite energies below 2.0 eV must be associated with defect states (surface defects, in their case) [12] . Therefore we attribute the onset of absorption at ∼1.9 eV in our data to a defect state of unknown origin, and we attribute the higher energy feature in figure 2(a) (with the fitted line) to the true band gap transition, which is indirect. As discussed above, since only a single phonon-related transition is seen we cannot distinguish between the case where the phonon energy is too small to resolve transitions, in which case the x-intercept is E indirect gap , and the case where the phonon energy is so large that the phonon-absorbed transition is suppressed, in which case the x-intercept yields E indirect gap + E phonon . For simplicity we will call the intercept E indirect gap . The defect binding energy is the separation between the absorption onset and the indirect gap; we use a linear fit of the initial absorption in figure 2(a) to define the onset energy. Thus plots such as figure 2(a) allow us to obtain both the indirect gap energy and the defect binding energy. The parameters obtained from the linear fits in the figure are E indirect gap = 2.140 ± 0.015 eV and E defect binding = 0.220 ± 0.010 eV.
The third absorption edge can be seen in figure 2(b) ; the data points there form a straight line when we plot α 2 versus E photon ; consequently we attribute this feature to the onset of direct gap transitions. The value of E direct gap obtained from this linear fit closely matches the direct gap transitions seen in hematite nanoparticles in [28] . This feature quickly becomes the dominant source of absorption, consistent with the more efficient nature of direct gap versus indirect gap absorption. This likely explains the large band gap energies reported in the optical filter experiments mentioned above [9, 11] -they were undoubtedly seeing the effects of the direct transition rather than measuring the true indirect band gap. The parameter obtained from the linear fit in figure 2(b) is E direct gap = 3.053 ± 0.008 eV.
We present a band structure model for ferrihydrite consistent with all three transitions in figure 3. That these transitions come from the ferrihydrite mineral is clear, as when we measured a sample made from the ferritin nano-cage with the ferrihydrite removed (i.e. apoferritin) no significant absorption was present at all. In addition to native ferritin, we have measured absorption in many other ferrihydrite samples. They all display the same structure in the optical absorption spectra as the native ferritin plotted in figure 2, namely two indirect gap-related edges seen in long wavelength scans, one direct gap-related edge seen in short wavelength scans. In some cases, however, scattering of light by the ferritin particles becomes significant and artificially lowers I ferritin in (5). This is particularly significant for the long wavelength scans where α should tend towards zero, but seemingly doesn't. In other words, in our uncorrected plots of α 1/2 versus E photon we see a constant non-zero y-offset for the longest wavelengths, due to the effects of light scattering. To correct for this, before doing any linear fits we have multiplied I ferritin by normalization factors chosen on a scan-by-scan basis to make the highest wavelengths' transmission approach 100% for all long wavelength scans; the additional uncertainty inherent in those cases is reflected in the appropriate error bars plotted in figures 4 and 5 and given in table 1.
To test quantum confinement effects based on nanoparticle size we prepared ferritin iron cores with three different sizes of mineral cores: of 640, 980, and 1200 Fe atoms/ferritin. As figure 4 shows, we did see a consistent trend in the data that follows what is expected from quantum confinement, namely that the band gap increases as particle size decreases. This is different than was seen in the STS studies of Liu et al [12] mentioned above and likely indicates that our smallest nanoparticles are more crystalline and less amorphous than theirs were, as lack of crystallinity in the smallest particles was their explanation for their trend (however, we recognize that our reconstituted nanoparticles were also not completely crystalline, as is evidenced by the band gap of our fully crystallized native 1100 Fe nanoparticles not falling between the band gaps of the 980 and 1200 Fe reconstituted cores). Our results are also to be contrasted with the hematite nanoparticles studied by Gilbert et al [10] , where no quantum confinement effects were seen. That is possibly because their smallest nanoparticles were 8 nm in diameter, and that if they had probed even smaller particles they would have seen a change in the band gap. Conversely, this may also imply that if we had been able to measure even larger particles, the band gaps would have asymptotically approached a constant, 'bulk' value (as mentioned above, ferrihydrite does not exist in bulk form). This size-dependent study may also shed light on how the particles form in their ferritin nano-cages. Ferritin has 24 subunits and is a mixture of H and L subunits. According to the model of Lopez-Castro et al [29] , the L subunit possesses a site where the mineral core nucleates and begins to grow as additional iron is incorporated. This model suggests that based on the number of nucleation sites originally present in the core, a specific number of small ferrihydrite particles will begin to form, and then eventually merge together as more iron is added. If we were probing nucleated-but-unmerged particles, one would expect the size distribution to translate into a distribution of band gaps. However, the fact that our 640 Fe/ferritin particles showed a single well-defined band gap seems to indicate that even for particles this small, the nucleated sites have already merged together prior to our absorption experiments.
As mentioned in the introduction, Presinger et al [13] measured a band gap in hematite related to the surface of the mineral. Surface effects of the ferrihydrite mineral were discussed in Watt et al 2010 [30] ; it was shown that phosphate is able to migrate through the protein shell and alter the solubility of the ferrihydrite mineral's surface by several orders of magnitude. The surface modification ability of small molecules is further supported by several studies in which anions are able to diffuse into the ferritin interior through the 3-fold channel of ferritin [15, 16] . Therefore, we decided to test three classes of small molecules in the water surrounding the ferritin particles: sodium salts of halides (F − , Cl − , Br − , and I − ), oxoanions (PO 3− 4 ), and molecules that coordinate to iron and act as capping agents in nanoparticle syntheses (citrate and cysteine) for their ability to alter the surface properties of the ferrihydrite mineral. See figure 5 for the results. The changes in the two band gaps likely originate from mineral surface modifications from the different anions, which act as ligands or capping agents. Since these anions are limited to surface deposition, only slight changes in band gap were observed (0.035 eV), whereas larger changes in band gaps are expected in a future study involving anion doping into the ferrihydrite mineral. Native desalted ferritin, which has no anions present, will have vacancies on the mineral surface and serves as our reference band gap. The halides show a trend of lowering the band gap energy -both direct and indirect gaps -as one moves down the periodic table, as predicted by ligand field theory (with the exception of the indirect gap for F − , which may be within the error bars). Phosphate also follows ligand field theory for both band gaps. However a discrepancy arises with citrate (carboxylic acid) and cysteine (thiol), which are larger molecules than the other anions, and may not diffuse into the interior with the same efficiency as the other anions. Table 1 gives the numerical values for all band gap data points in figures 4 and 5, along with the defect binding energies.
Conclusion
Our optical absorption experiments provide an accurate value of the band gap of ferrihydrite nanoparticles formed in ferritin, and help resolve discrepancies between the previously published band gap values which ranged from 1.0 to 3.5 eV. Namely, ferrihydrite is an indirect gap material, with a band gap of 2.140 eV (for our native ferritin particles). A defect state exists 0.220 eV below the gap, and a direct transition (sometimes called direct gap) exists at 3.053 eV. These values are quite similar to states seen in nanoparticles formed from the related mineral, hematite. Previous experiments in ferritin using optical filters to regulate photochemical reactions which have claimed a large value for the band gap have undoubtedly only been sensitive to the direct gap. Other previous experiments using scanning tunneling spectroscopy which have claimed a much smaller value for the band gap have likely been sensitive to the true indirect gap, but perhaps with a substantially modified value due to surface effects.
We also observed an increase in band gap for smaller particles due to quantum confinement effects. Moreover, since a single well-defined band gap value was seen in all cases, the distribution of gaps in both native material and in reconstituted ferritin must be quite small. Finally, we additionally report evidence that molecules which diffuse into the interior of the ferritin nano-cage and bind to the surface of the ferrihydrite particles can also perturb the band gap following trends in ligand field theory.
